Conventional magnetic resonance imaging (MRI) of brain and spinal cord is an essential diagnostic tool to exclude amyotrophic lateral sclerosis (ALS) "mimics", when a plausible alternative neuroanatomical localization is suspected 1 . The finding of hyperintensities along the course of corticospinal tracts (CST) on T2, Proton density (PD) or fluid-attenuated inversion recovery (FLAIR) was documented over 25 years ago in case reports and subsequent small series. The sensitivity of such changes has commonly been estimated to be less than 40% and the specificity is also poor, typically less than 70% 2-12 . Poor specificity values reflect the occurrence of similar hyperintensities in normal controls 13, 14 , as well as widely varying conditions, such as leukodystrophies 15, 16 , X-linked CharcotMarie-Tooth disease 17 , end stage cirrhosis and liver transplantation 18 . A 2010 guideline from the European Federation of Neurological Societies states that such hyperintensities may help to support a suspicion of ALS but that ABSTRACT: Background: There is currently no definite neuroimaging test to detect amyotrophic lateral sclerosis (ALS), which leads to significant delay in diagnosis, particularly if one takes into account the rapidity of disease evolution. Hyperintensity of the corticospinal tracts (CST) on T2 or fluid-attenuated inversion recovery (FLAIR) weighted magnetic resonance imaging (MRI) has been well described, but data on sensitivity and specificity in larger series is lacking to help guide its application to clinical care. Methods:
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"the specific search for these abnormalities for the purpose of making a firm diagnosis of ALS is not recommended" 1 .
Our aim was to re-evaluate sensitivity and specificity of CST hyperintensities on conventional MRI in a larger series, while attempting to correlate findings with specific features of the clinical course (upper motor neuron signs, speed of evolution from onset to death, timing of MRI in relation to disease onset).
We also assessed systematically the frequency of involvement of specific rostrocaudal segments of the intracranial CST.
METHODS
This case control study was based on patients assessed at the Ottawa ALS Clinic in [2004] [2005] [2006] [2007] [2008] [2009] [2010] . The Clinic maintains records documenting laboratory investigations, as well as symptoms and clinical neurological examination findings at regular visits, typically every three to six months. We identified patients from the ALS Clinic database who had undergone the appropriate clinical, electrophysiological, laboratory and imaging assessments relevant for the diagnosis of ALS and the exclusion of alternative etiologic considerations. We entered in this study patients who met all of the following criteria: eventual diagnosis of "definite" ALS by revised El Escorial criteria or death at a clinical stage meeting the "probable" or "probable-laboratory supported" criteria, availability of brain MRI with suitable conventional sequences [axial T1, T2, fluid-attenuated inversion recovery (FLAIR)], and availability of documentation of clinical examination findings within three months of MRI imaging study.
For controls, we randomly selected 25 brain MRI studies from older adult patients who were referred for other neurological disorders, namely epilepsy, headache, vertigo, numbness or transient ischemic attack (TIA). We excluded cases of obvious focal pathology such as hydrocephalus, hemorrhagic or ischemic stroke, or any space-occupying lesions.
This project received ethics approval from the Ottawa Hospital Research Institute as a chart review case-control study. All patient identification information was removed for data analysis: clinical and imaging data were entered in a passwordprotected numerical case list.
Clinical Data
At the point in time closest to the time when the MRI was performed, we extracted from the patient chart the following clinical information: age, revised El Escorial Criteria ALS diagnostic category (Possible, Probable, Definite); presence of symptoms or signs of upper motor neuron involvement in bulbar, cervicobrachial and lumbosacral territories; presence of lower motor neuron signs in bulbar, cervicobrachial and lumbosacral territories. The determination of upper motor neuron involvement was based on the documentation of pseudobulbar emotional incontinence, pathologically increased jaw jerk or gag reflex, spasticity, pathological limb hyperreflexia and presence of a Babinski or Chaddock sign. The determination of lower motor neuron involvement was based on the documentation of frequent fasciculations or definite electromyogram (EMG) evidence of denervation with chronic reinnervation (fibrillations, positive sharp waves, fasciculation potentials, reduced recruitment, markedly polyphasic and long duration motor unit potentials). Based on the time from symptom onset to death, we categorized the rate of evolution of ALS as rapid (less than 18 months), average (18-30 months) or slow (greater than 30 months).
MRI
Magnetic resonance imaging scans were performed on a 1.5T device, with a slice thickness of 5mm, applying standard sequence settings for T2(TR 4140ms, TE 94ms, FA 180) and FLAIR (TR 9,000ms, TE 99ms, FA 180, TI 2500ms). Two experienced neuroradiologists independently reviewed the scans in a blinded fashion. For controls, we used 25 MRI studies on aged matched patients without ALS, stroke, tumor or trauma.
Each radiologist rated scans for presence of atrophy at the level of the precentral gyrus cortex (PC) and abnormal hyperintensity of the CST in the following locations: precentral gyrus, subcortical white matter, centrum semiovale, corona radiata, posterior limb of the internal capsule, cerebral peduncle, basis pontis and medullary pyramid. Radiologists were also asked to give an overall assessment of whether the study was likely "positive" or "negative" for ALS based on the overall assessment of FLAIR and T2 sequences for corticospinal tract hyperintensities and precentral gyrus atrophy. This overall interpretation was coined "combined MRI assessment". When there was divergence about attribution of abnormality at a specific location or modality, a consensus opinion was subsequently obtained for data analysis, while the neuroradiologists were still blinded for the diagnosis.
Overall sensitivity and specificity of MRI in the diagnosis of ALS was calculated for each reader and for the consensus interpretation. Sensitivity and specificity was also determined in relation to age (<60 vs >60) and disease category (possible vs probable/definite). Diagnostic accuracy of each specific radiological finding on MRI (such as hyperintensity in the internal capsule) was examined. Inter-observer variability was assessed using Cohen's kappa statistics.
With a sample size of 64 patients, we calculated that the study had a power of 80% to detect an absolute difference of 25% in the rate of MRI abnormality between ALS subjects and controls.
RESULTS
Sixty-four patients met inclusion criteria, out of 183 patients seen at the Ottawa ALS Clinic in 2004-2010. The main reason for exclusion in the remaining 119 subjects was the lack of availability of suitable brain MRI raw data, as MRI of the spine alone was the most frequent neuroimaging strategy chosen by treating physicians.
The group of 64 ALS patients was comprised of 35 women and 29 men, with a mean age of 64 years. Forty per cent of subjects in the study group were younger than 60 years, while 60% were 60 years or older. At the time of MRI, revised El Escorial diagnostic category assignments were 5 definite, 16 probable and 43 possible. The 25 control subjects were comprised of 14 women and 11 men, with a mean age of 59 years.
Diagnostic accuracy of MRI in the diagnosis of ALS
The sensitivity of the combined assessment of all MRI sequences for the diagnosis of ALS was 48%. It did not differ between ALS patients who were older (>60 years, 48%) or younger (<60 years, 49%). It was higher for the El Escorial diagnostic categories probable/definite (57%) than possible (44%), though this difference did not reach statistical significance (p=0.44 on a Chi square test for proportions). The overall specificity of MRI was 76% and did not differ between the probable/definite (76%) and the possible groups (76%).
Overall, T2 and FLAIR sequences had a similar accuracy ( Table 1 ). The assessment of precentral grey matter atrophy provided high specificity (92%) at the expense of very low sensitivity (19%) ( Table 1) .
With regard to the assessment of T2 hyperintensity in specific segments of the intracranial CST (Figure 1 ), the highest specificity values were obtained for the subcortical whitematter (92%) and medullary pyramid (92%) whereas both the internal capsule and the cerebral peduncle had very low specificity (Table 2) .
For the key clinical feature of upper versus lower motor neuron involvement, there was no statistically significant difference in the probability of finding MRI abnormalities along the CST with either T2 or FLAIR imaging. The overall rates of MRI abnormality for CST hyperintense signal in patients with UMN versus LMN involvement were 52 % / 45 % for the bulbar territory, 58% / 55% for the upper limb and 51% / 49% for the lower limb.
The rate of disease progression could be reliably determined from the chart review in 55/64 subjects. It was categorized as rapid (<18 months) in 18%, average (18-30 months) in 36% and slow (>30 months) in 45%. The mean times from symptom onset to MRI testing in these groups were respectively 5.8 months, 10 months and 18 months. The overall rate of MRI positivity did 
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Figure: Axial MRI with FLAIR (A,B,C,E,F) and T2 (D) sequences. Arrows point to hyperintensity of the corticospinal tract in the following locations: subcortical frontal (A), centrum semiovale (B), posterior limb of internal capsule (C), cerebral peduncle (D), basis pontis (E) and medullary pyramid (F).
not correlate with rate of disease progression: 52% (rapid), 40% (average), and 60% (slow). There was also no direct correlation between MRI positivity and the time interval from symptom onset to performance of the MRI study.
Inter-observer agreement
The inter-observer agreement for MR interpretation for all study patients was moderate (Cohen's kappa=0.457, 95% CI 0.255 to 0.659). For patients with ALS, the inter-observer agreement was substantially positive (Cohen's kappa=0.626, 95% CI 0.417 to 0.834). For control patients, the inter-observer agreement was negative (Cohen's kappa=-0.238, 95% CI -0.397 to -0.0780), indicating a potential systematic disagreement between the two interpreting neuroradiologists.
DISCUSSION
This case-control study is one of the largest published series on the diagnostic accuracy of conventional MRI sequences in patients with ALS. We found an overall low sensitivity (48%) for CST hyperintense signal on both T2 and FLAIR imaging in 64 ALS patients. Most publications on this topic have not systematically reported specificity and sensitivity statistics, and some relied on relatively small case series. Our results are nonetheless in keeping with the low diagnostic yield reported in most available literature [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Our study draws attention to the higher specificity values obtained for T2 hyperintensity at the level of the subcortical white matter of the precentral gyrus, as well as the medullary pyramid, while the internal capsule and cerebral peduncle show remarkably low specificity. Focal signal-intensity variations in the posterior internal capsule in normal subjects has long been recognized as a common MRI finding, perhaps reflecting a loss of myelinated fibers with normal aging or the different orientation of parietopontine tract 19 . We found that precentral gyrus atrophy and focal cortical atrophy were more specific than CST hyperintensity in most subcortical locations, but this was at the expense of a very low sensitivity that would preclude usefulness in both the ALS clinical and research trial setting. It should be noted that our control group was not perfectly matched for age, being on average five years younger than ALS subjects. This is not expected to influence the overall interpretation of results: younger control subjects may be expected to have a lower rate of false positive MRI interpretation, and our study did not find MRI to be a sensitive or specific indicator of ALS.
Hecht et al 20 analyzed FLAIR hyperintensity along the CST in 31 patients with ALS, compared to 33 controls. They concluded that hyperintense signals were more common in ALS on FLAIR imaging at the level of the subcortical precentral gyrus, centrum semiovale, internal capsule and crus cerebri. This was however only true for the smaller subset of patients showing a "distinct" hyperintensity (isointense to the insular cortex), whereas a "mild" hyperintensity (isointense to the caput of the caudate nucleus) did not discriminate ALS and controls. In a study of 80 ALS patients, Abe et al 21 found that 65% of patients and 51% of controls showed hyperintensity of the posterior limb of the internal capsule on both T2 and proton density sequences. Several recent reviews on the role of MRI as a biomarker for ALS have thus concluded that the finding of CST hyperintensity on T2, FLAIR or PD cannot be considered a reliable indicator because of its poor sensitivity and specificity [22] [23] [24] .
This study also carefully assessed clinical features that might be postulated to influence the likelihood of detecting CST abnormalities on MRI. As might be expected, there was an association with disease stage (higher rate of abnormality in probable/definite ALS than in suspected/possible ALS). We did not find a correlation with the rate of progression, as estimated by the total disease duration. Thus conventional MRI in our patient population could not be relied upon to help predict survival prognosis.
Degeneration of direct and indirect descending motor pathways is expected to be manifested clinically with signs of spastic paresis, hyperreflexia, Babinski sign and pseudobulbar palsy. Our study however did not show a clear relationship between the MRI finding of CST hyperintensity and a predominance of such upper motor neuron signs, as opposed to the presence of clinical and EMG evidence of lower motor neuron involvement. This was true at the bulbar, cervicobrachial and lumbosacral levels. CST hyperintensity, albeit of low sensitivity and specificity, may thus be a marker of the presence and severity of the ALS disease process, but without a rigorous clinical-radiologic correlation for involvement of upper or lower motor neurons. The present study suggests that a normal conventional MRI has little negative or positive predictive value for a patient with suspected ALS, even in the presence of obvious upper motor neuron deficits. Given the failure of many therapeutic trials in symptomatically advanced ALS, there remains a pressing need for reliable biomarkers in the very early stages of this condition. Conventional MRI sequences have not proved to be a reliable surrogate, and should mainly be used to exclude alternative diagnostic considerations. The future of neuroimaging in ALS may depend on finding a multimodal approach that relies on newer functional and structural strategies, including Radionuclide imaging (PET), Voxel and surface-based MRI morphometry, diffusion tensor imaging, functional MRI, and/or magnetic resonance spectroscopy 25 .
